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We onsider, theoretially and experimentally, the eets of strutural disorder, quantum and
thermal utuations in the magneti and transport properties of ertain ferromagneti alloys. We
study the partiular ase of UCu2Si2−xGex. The low temperature resistivity, ρ(T, x), exhibits Fermi
liquid (FL) behavior as a funtion of temperature T for all values of x, whih an be interpreted
as a result of the magneti sattering of the ondution eletrons from the loalized U spins. The
residual resistivity, ρ(0, x), follows the behavior of a disordered binary alloy. The observed non-
monotoni dependene of the Curie temperature, Tc(x), with x an be explained within a model
of loalized spins interating with an eletroni bath whose transport properties ross-over from
ballisti to diusive regimes. Our results learly show that the Curie temperature of ertain alloys
an be enhaned due to the interplay between quantum and thermal utuations with disorder.
PACS numbers: 75.10.Jm, 75.40.Cx, 75.50.C
Ternary intermetalli alloys of the type MT2X2, where
M is an atinide or rare earth element, T is a transition
metal and X is Si or Ge, have been a subjet of intense
experimental and also theoretial interest due to their in-
teresting magneti and transport properties [1℄. In these
systems, M is usually a magneti atom with a partially
lled f shell, like U or Ce, and the ondution takes plae
in the d-bands of the transition metal suh as Cu. These
materials rystallize in the ThCr2Si2 tetragonal stru-
ture, with the I4/mmm spae group, and exhibit a rih
variety of ground states [2℄. For example, while UCu2Si2
is a ollinear ferromagnet with a high Curie temperature
(∼ 100 K) [1℄, URu2Si2 behaves like an Ising antiferro-
magnet [3℄, with strong rystalline elds [4℄, a low Néel
temperature, and an anomalously small low temperature
eetive moment. Moreover, while the former is an or-
dinary metal at low temperatures, the latter is a super-
ondutor. More generally, it has been notied that both
the magneti and transport properties of suh systems
an be lassied with respet to the smallest distane
between two M atoms, a phenomenologial parameter,
dh, alled the Hill distane [5, 6℄. However, a theoretial
explanation for the wealth of behavior observed in these
materials is still laking.
In reent years the interest in ontrolling the Curie
temperature of diluted magneti semiondutors (DMS)
suh as Ga1−xMnxAs has renewed the interest on the na-
ture of ferromagnetism in disordered alloys [7℄. However,
DMS have many ompliations assoiated with the fat
that the magneti atom is also a donor/aeptor and its
loation is random in the lattie, leading to strong mag-
neti as well as strutural disorder. Therefore, theoretial
approahes to DMS are bound to be rather omplex. In
this work we follow a dierent route. We would like to
separate the dierent physial mehanisms that ontrol
ferromagnetism in alloys. In UCu2Si2−xGex the mag-
neti sublattie is not diretly aeted by disorder whih
ours only on the deep p orbitals of Si/Ge. This stru-
tural disorder, however, aets the ondution band be-
ause of the p − d hybridization. Furthermore, beause
Si and Ge are isovalent there is no aet on the arrier
density. Therefore, this lass of ferromagneti materi-
als allows the detailed study of the eet of strutural
disorder on the ferromagneti properties without intro-
duing extra ompliations. As we shall see, even this
simplied problem has already unexpeted behavior due
to the interplay between strutural disorder and quan-
tum/thermal utuations [8℄. In partiular we show that
the unusual non-monotoni behavior of Tc(x) as a fun-
tion of x an be understood as a ross-over between bal-
listi and diusive eletroni behavior. Therefore, one
an show that by ontrolling the amount of disorder in
the sample one an ontrol diretly the Curie tempera-
ture of the material. The reperussion of these results on
DMS is obvious.
The UCu2Si2−xGex alloys produed for this study
were stoihiometrially weighed and melted together in a
zironium-gettered puried argon atmosphere. The poly-
rystalline samples were wrapped in Tantalum foil and
annealed in sealed quartz glass tubes to insure good rys-
talline order. The tetragonal struture of the polyrys-
talline samples was heked by X-ray powder diration
at room temperature. We found that annealing at 875
◦
C for 2 weeks gave the best results (minimal weight loss
and sharpest magneti transitions). The samples were
ut into retangular bars (0.8×0.8×8mm3) for resistane
measurements. Pt wires were spot welded to these sam-
ples. Eletrial measurements used standard 4-wire d
2TABLE I: Lattie parameters a and c of the tetragonal stru-
ture ThCr2Si2 measured by X-ray powder diration; ee-
tive moment µexp determined out of χ(T ) for T > 200 K [1℄;
Fermi energy EF estimated by band struture alulations
and measured from the bottom of the Cu d band; ferromag-
neti transition temperature Tc determined from suseptibil-
ity measurements in a eld B0 = 1000G.
a [Å℄ c [Å℄ µJeff [µB ] µexp[µB ] EF [eV℄ Tc [K℄
UCu2Si2 3.981 9.939 3.58 3.58 5.95 102.5
UCu2Ge2 4.063 10.229 3.58 2.40 5.61 108.55
tehniques. The relative auray of the resistane mea-
surements was approximately 4%. Measurements of sus-
eptibility were performed using a SQUID suseptometer
in a eld B0 = 1000G.
The two eletrons on the f level of U4+, whih is as-
sumed to be the onguration of the U atoms in the om-
pound, are likely to be found in the
3
H4 Hund's multiplet
onguration. The orresponding eetive moment is
µeff = 3.58µB in agreement with the measured moment
at high temperatures in UCu2Si2 [1℄. Magneti susep-
tibility, χ(T ), measurements also suggest a small rystal
eld splitting at low temperatures whih will be negleted
in what follows. In UCu2Ge2, on the other hand, the
measured eetive moment is µeff = 2.40µB [1℄, whih
might be due to either rystal eld eets or magneti
moment ompensation (it may also be related to the an-
tiferromagneti transition observed at TN ∼ 40K).
The resistivity data suggests that the main sattering
mehanism at low temperatures is of magneti origin,
with the ondution eletrons being sattered by mag-
neti exitations [9℄ and has the FL form: ρ(T, x) =
ρ(0, x) + ATα, with α ≈ 2 (see Fig. 1). ρ(0, x) for a
random binary alloy is expeted to have the funtional
form: ρ(0, x) = ρSi(2−x)/2+ρGex/2+ ρ¯x(2−x), where
ρSi (ρGe) is the intrinsi resistivity of the pure ompound
at x = 0 (x = 2), and the last term is the ontribu-
tion from Nordheim's rule [10℄. However, we have found
that the experimental value of ρ(0, x) does not follow this
funtional dependene with x. The reason for this dis-
repany is the existene of miro-raks in the sample
due to internal stresses generated by doping. In order to
eliminate their eet from the data we normalize ρ(0, x)
by the high temperature resistivity, ρ(300K,x). In Fig.2
we show ρ(0, x)/ρ(300K,x) as a funtion of x together
with the theoretial result with the above x dependene.
The experimental data, plotted in this way, are very well
desribed by the random alloy expression.
Tc(x) was obtained from suseptibility measurements
and a non-monotoni behavior as a funtion of x was
observed (see Fig.3). A monotoni inrease in Tc is
naively expeted having in mind that the magneti in-
teration in this system is RKKY and there is a shift of
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FIG. 1: Resistivity of UCu2Si2−xGex as a funtion of tem-
perature for x = 1.0. For the t we used α = 2.33. Similar
behavior for the resistivity is observed in all the other an-
nealed samples where α did not signiantly deviate from the
FL value α = 2.
the Fermi energy due to the hange in the volume of the
unit ell with x (see below). However, the unexpeted
non-monotoniity in Tc(x) was predited reently by two
of us (MBSN and AHCN) due to the interplay between
utuations and strutural disorder in alloys [8℄. The ori-
gin of suh behavior an be traked down to a hange on
the transport properties from ballisti (lean) to diusive
(dirty), depending on x.
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FIG. 2: Experimental data for the residual resistivity of
UCu2Si2−xGex normalized by its value at 300 K (squares)
and the t orresponding to the binary alloy (solid line), a-
ording to the text.
The physial properties of the two stoihiometri sam-
ples, UCu2Si2 and UCu2Ge2, are shown in Table I.
The magneti exhange interation between U spins is
asribed to an isotropi RKKY interation. Suh in-
teration has already been shown to apture orretly
the physis of these two ompounds as well as of other
3isostrutural systems suh as URh2Si2 and UPd2Si2
[1℄. Moreover, band struture alulations [11℄ show a
paraboli dispersion for the Cu d-band, at least along
the diretion of the tetragonal axis in the Brillouin zone.
Assuming that alloying only introdues sattering en-
ters for the ondution eletrons we propose the following
Hamiltonian for these systems:
H =
∑
k,σ
εd(k)d
†
k,σdk,σ +
∑
k,σ
Vk,k′d
†
k,σdk′,σ′
+
∑
k,k′σ,σ′
J (k)J−k · d
†
k′,σ~σσσ′dk′+k,σ′
+ Uc
∑
q
ρqρ−q, (1)
where J (ri − rj) =
∑
k J (k)e
ik(ri−rj)
is an eetive ex-
hange oupling due to the hybridization between the f
states and ondution eletrons, d†i,σ (di,σ) is the ondu-
tion eletron reation (annihilation) operator for an ele-
tron with spin σ =↑, ↓ on the ith site, Ji =
∑
k Jke
ik·ri
is
the U magneti moment on the ith site, ~σσσ′ are the Pauli
matries, εd(k) is dispersion of the ondution band,
Vk,k′ is a random impurity sattering potential, and Uc
is the Coulomb interation between the ondution ele-
trons (ρq =
∑
k,σ c
†
k+q,σck,σ is the density operator).
The introdution of eletron-eletron interations in the
ondution band is important beause of the enhane-
ment of the magneti interations due to the magneti
polarizability of the ondution band [12℄. Furthermore,
although (1) also desribes the Kondo eet between the
U spin and ondution band, the Kondo eet does not
play any role in the ferromagneti phase [13℄. The above
Hamiltonian (1) an be derived from a more general three
band Hamiltonian that inludes not only the ondution
eletron d-band and f states but also the p-band of Si/Ge
with a random distribution of onsite energies [14℄.
As a rst approah, we an perform a simple alula-
tion in order to estimate Tc(x) within a Weiss mean eld
theory of the Hamiltonian (1) with Uc = V = 0. We nd
(we use units where ~ = kB = 1):
TMFc =
J(J + 1)
8
J 2
EF
NeNm
N2A
, (2)
where Ne, Nm, and NA are, respetively, the number of
ondution eletrons, magneti ions, and total number of
atoms, per unit ell, and EF is the Fermi energy. A-
ording to (2) the ratio between the Curie temperatures
for the two stoihiometri samples, Tc(x = 2)/Tc(x = 0),
depends only on the ratio J 2/EF . From band stru-
ture alulations we estimate EF (x = 0) = 5.95 eV and
EF (x = 2) = 5.61 eV, both measured with respet to the
bottom of the Cu d band. If we make the further as-
sumption that J is not hanged with x we onlude that
Tc(x = 2)/Tc(x = 0) = EF (x = 0)/EF (x = 2) is fairly
satised with the values of Table I. This simple formula-
tion of the problem, however, is not apable of explaining
the non-monotoni behavior of Tc(x) as shown in Fig. 3.
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FIG. 3: Curie temperature, Tc, as a funtion of the amount of
Ge, x. Experimental results: squares; theoretial result from
Eq. 3: solid line.
In a previous theoretial work [8℄ it was shown that a
ontinuum SU(N) formulation of the eetive Heisenberg
Hamiltonian, obtained after integration of the ondution
eletrons in (1), that takes into aount both the spin
utuations and dissipation introdued by the eletroni
bath, might be a reasonable starting point to explain Fig.
3. In that formulation, the Curie temperature Tc an be
determined from the equation [8℄:
1
g0
=
∫
d3k
(2π)3
∫ Ω0k
−Ω0
k
dω
π
k γ0(kl) ω nB(ω/Tc)
(k(k2 − c0ω))2 + (γ0(kl) ω)2
(3)
where nB(z) = (e
z − 1)−1 is the Bose-Einstein distribu-
tion funtion, Ω0k = (2kF )
2k/γ0(kl) is an energy uto,
g0 = Na/2JHS
2
is the oupling onstant, c0 = 1/JHSa
2
is the topologial onstant, and we have dened JH =
J 2(kFa)
3/4π2EF (1− a
3N(0)Uc) whih plays the role of
the eetive exhange. Furthermore, N(0) = m∗kF /π
2
is
the density of states at the Fermi energy EF = k
2
F /2m
∗
,
kF = (3π
2n)1/3 is the Fermi wave vetor, and n = Ne/a
3
is the eletroni density per unit ell with lattie spaing
a. Finally, the dissipation oeient is given by [15℄:
γ0(kl) =
8k2F
vF (1 − a3N(0)Uc)
artan(kl)
1− (kl)−1artan(kl)
, (4)
where l is the eletroni mean free path, and vF = kF /m
∗
is the Fermi veloity.
Eq. (3) relates Tc to a number of material properties
and redues to Eq. (2) in the limit of γ0 → 0 and J →∞
[14℄. Eah Cu
2+
ontributes one eletron to the ondu-
tion band and we an set Ne = 8. The replaement of Si
by Ge alters the size of the unit ell, thus we use Vegard's
law to write a = aSi(2− x)/2 + aGex/2, where aSi = 5.4
Å and aGe = 5.527 Å, were hosen in order to reprodue
4the volume of the unit ell (see Table I). Notie that the
produt kFa does not depend on x. We also x the val-
ues of m∗Si and m
∗
Ge so that the alulated EF mathes
the values obtained from band struture alulations, and
we use J = 4, N = 2 and Uc = 0.45 eV, onsistent with
estimates from Thomas-Fermi theory [14℄.
The eletroni mean free path an be obtained from
the Drude relation: ρ = m∗vF /ne
2l (e is the harge of
the eletron). From the residual resistivity (see Fig. 2)
we obtain the dependene of l on x [14℄. Typial val-
ues for the produt kF l range from kF l ∼ 10 for x = 0,
where the system is in the ballisti regime (note that
γ0(kF l ≫ 1) ∝ onstant), to kF l ∼ 0.74 for x = 1.3,
in the diusive regime (γ0(kF l ≪ 1) ∝ 1/kF l). In par-
tiular, kF l ≃ 0.8 for x = 1.6 where Tc is the highest
[14℄. Notie also that the maximum in Tc(x) in Fig. 3
is very lose to the position where the resistivity (mean
free path) is largest (shortest) in Fig. 2 indiating that
Tc is mostly ontrolled by eletron sattering. Thus, as
disussed in [8℄, sine Tc of a dissipative spin utuation
system is larger in the diusive relative to the ballisti
regime, we an understand the non-monotoni behavior
of Tc(x) in Fig. 3 as a diret onsequene of the behav-
ior of the residual resistivity in Fig. 2. An enhanement
of the Curie temperature in the disordered single band
Hubbard model has also been reported reently in Ref.
[16℄.
Finally, beause of the hanges in the unit ell vol-
ume, we expet J (x) to be monotonially dereasing
with x [14℄. For the stoihiometri samples, UCu2Si2
and UCu2Ge2, J an be estimated from a hybridiza-
tion model for the magneti-ordering behavior in U inter-
metalli ompounds like the one onsidered here [17℄. A-
ording to Ref. [17℄ the hybridization is governed by the
f -d hybridization, Vfd, the strength of whih is a funtion
of the ioni radius of U
4+
and Cu
2+
, their angular mo-
mentum quantum numbers, l and m, and their relative
distane in the unit ell. The exhange parameter, J , is
then alulated from Vfd by means of a Shrieer-Wolf
transformation [17℄. Typial values found for J are be-
tween 8meV (x = 0) and 3.5meV (x = 2). For 0 < x < 2,
however, the situation is muh more omplex due to the
eets of disorder in the hybridization matrix elements.
Nevertheless, we nd that J is a monotonially dereas-
ing funtion of x so that the all the non-monotoniity in
Tc(x) an be uniquely attributed to the disorder intro-
dued by the ondution eletron sattering potential.
The nal theoretial value of Tc(x), from Eq. 3, is shown
as the ontinuous line on Fig. 3.
In onlusion, we have studied, theoretially and ex-
perimentally, the eet of strutural disorder in the mag-
neti and transport properties of ferromagneti alloys of
the form UCu2Si2−xGex. We have shown that the inter-
play between disorder and magnetism leads to an unex-
peted non-monotoni behavior of the Curie temperature
that annot be explained by naive mean eld theories.
We have shown that in order to desribe the ferromag-
neti ordering in these systems one needs to take into a-
ount the dissipation introdued by the oupling of the
loal spins to the eletroni heat bath. Dissipation is
ontrolled by the eletron mean-free path and therefore
is sensitive to the amount of disorder and the eletron-
eletron interations. The same physial proesses an
be important in the physis of DMS. However, the intro-
dution of magneti disorder is very important and has
to be arefully onsidered.
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